RNA-arbitrarily primed PCR techniques have been applied for the first time to identify differential gene expression in black band disease (BBD), a virulent coral infection that affects reef ecosystems worldwide. The gene activity for the BBD mat on infected surfaces of the brain coral Diploria strigosa was compared with that for portions of the BBD mat that were removed from the coral and suspended nearby in the seawater column. The results obtained indicate that three genes (DD 95-2, DD 95-4, and DD 99-9) were up-regulated in the BBD bacterial mat on the coral surface compared to the transcript base levels observed in the BBD mat suspended in seawater. Clone DD 95-4 has homology with known amino acid ABC transporter systems in bacteria, while clone DD 99-9 exhibits homology with chlorophyll A apoprotein A1 in cyanobacteria. This protein is essential in the final conformation of photosystem I P700. DD 95-2, the only gene that was fully repressed in the BBD mat samples suspended in seawater, exhibited homology with the AraC-type DNA binding domain-containing proteins. These transcriptional activators coordinate the expression of genes essential for virulence in many species of gram-negative bacteria.
Coral reefs are important reservoirs of biodiversity in oceanic environments and thus are used as a sensitive indicator of environmental change (23, 39) . The number and incidence of diseases that affect corals around the world have dramatically increased over the last four decades (21) . As evidence of this worldwide degradation of coral reef ecosystems mounts, interest in identifying the etiological agents of infectious disease in scleractinian corals continues to intensify (21, 39) Black band disease (BBD) is among the most important of the globally distributed coral diseases known today, yet the environmental conditions leading to BBD infection are still not well understood (34) . BBD results from the rapid migration of a complex mat of microorganisms across the surface of scleractinian coral colonies; this mat lyses healthy coral tissue and leaves dead coral skeleton behind (2, 34) . BBD preferentially affects massive-framework-building coral species that serve as the ecological cornerstone of reefs. Therefore, BBD is an important agent in altering coral reef ecosystems.
Although BBD is a polymicrobial disease (34, 35) , the population of bacteria growing in the BBD biofilm is composed primarily of large filamentous cyanobacteria previously optically identified as the single species Phormidium corallyticum and recently identified as multiple species by molecular techniques (14, 18) . Several previous studies have suggested that these cyanobacteria are the BBD pathogens (40) . However, the culturing of these cyanobacteria has proved difficult (23, 33) , thus preventing tests to fulfill Koch's postulates to determine BBD pathogenicity (34) .
The aim of the present study was to better understand BBD pathogenesis by analyzing bacterial gene expression in the BBD mat consortia by RNA-arbitrarily primed PCR (RAP-PCR) (5, 9, 16, 43) . This analysis was done by characterizing abundant mRNAs expressed by bacteria inhabiting the BBD mat on infected surfaces of the brain coral Diploria strigosa and comparing the resulting expression profile with that for samples of the BBD mat that were removed from the infected coral and suspended nearby in the open seawater column. These results demonstrate the great potential of the use of mRNA methodologies, typically reserved for pure cultures, to unravel differential gene expression in complex mixed bacterial communities and to identify differentially expressed genes under different environmental conditions. At least three genes were up-regulated in the BBD bacterial mat on the coral surface compared to the transcript base levels observed in the BBD mat suspended in seawater.
MATERIALS AND METHODS
Sample collection. Sampling was conducted by using standard scuba techniques on the leeward coral reefs of the island of Curaçao, Netherlands Antilles. Colonies of D. strigosa exhibiting the distinct BBD ring were sampled at water depths of approximately 3 m in the back reef facies of the water plant reef (17, 18) . Portions of active BBD mats were physically peeled off the infected coral surfaces with forceps and placed in 50-ml Falcon tubes filled with seawater. An additional sample of BBD mat was then placed into either a 50-ml perforated polypropylene centrifuge tube or a 18-cm-long polyvinyl chloride pipe (inside diameter, 5.2 cm) with a solid cap at one end and a 20-m-mesh screen at the other end to allow the free flow of water. The tube was suspended in seawater 30 cm to 1 m from the coral head from which samples were taken and oriented with the transparent screen facing slayward to allow light into the tube. This sample tube was left suspended for 3 days. Immediately upon reaching the surface, the in situ and seawater-suspended BBD mat samples were decanted to remove the seawater and the mat samples were immersed in RNAlater (Ambion, Austin, Tex.). For each pairing of samples, the exposure was carried out simultaneously. All samples were then immediately frozen at Ϫ20°C. Subsamples of the bacterial mats growing on corals and suspended in seawater were preserved in 80% ethanol at Ϫ20°C for use in the analysis of bacterial communities.
Analysis of bacterial communities during infection and after suspension in maining DNA. RNA samples were run in a formaldehyde gel to check the integrity of the RNA. Samples with DNA or degraded RNA were excluded from further analysis. Arbitrarily primed PCR. cDNA synthesis was carried out immediately after RNA isolation. First-strand synthesis was performed by using ImPromII (Promega), random hexamers (Promega), and random decamers RETROscript (Ambion) as primers. The protocol was performed according to the manufacturer's instructions. Between 500 ng and 2 g of sample was used, depending on the experiment. Primers (random hexamers or random decamers) were added at 0.5 g up to a final volume of 5 l. Samples were incubated in a Mastercycler gradient thermocycler (Eppendorf) at 70°C for 5 min followed by a quick chill at 4°C for 5 min. This 5-l reaction mixture was used in a 20-l (total volume) cDNA synthesis reaction mixture comprising 4 l of Improm-II 5X reaction buffer (Promega), 2.4 l MgCl 2 at 25 mM (final concentration, 3 mM), 1 l of dNTP mix (each dNTP at 10 mM; final concentration, 0.5 mM), 0.5 l of Rnasin RNase inhibitor (Promega), 0.5 l of DNAsecure reagent (Ambion), and 1 l of Improm-II reverse transcriptase (Promega). The synthesis reactions were performed with a Mastercycler gradient thermocycler (Eppendorf) by using annealing at 25°C for 5 min and extension of the first strand for 60 min at 37°C. Parallel negative controls consisted of exactly the same mix except that water was substituted for the RNA sample. One microliter of the first-strand cDNA was then used to perform the PCR amplification. Oligonucleotides were obtained from Integrated DNA Technologies (Table 1) . Reaction mixtures included 5 l of Taq reaction buffer, 1.5 l of 25 mM magnesium acetate (Eppendorf), 4 l of dNTP mix (each dNTP at 2.5 mM; Gibco/BRL), 2 l of the random primer (200 ng), 1 l of the cDNA sample, and water to bring the total volume to 50 l. The hot start was followed by between 45 and 50 cycles of 94°C for 1 min, 40°C for 1 min, and 72°C for 2 min. A final soak at 72°C for 5 min concluded the reaction. In all cases, reactions were performed in duplicate.
Identification of differentially expressed genes. Differences in gene expression for in situ and suspended samples of BBD mats were detected by comparing side-by-side samples of RAP-PCR products. These products were electrophoresed either in 2.0% high-resolution agarose Agarose-HR (Ambion) or in a 6% polyacrylamide gel under native conditions. Only bands present in two separate RAP-PCRs were analyzed. Bands obtained from agarose gels were passed through a 250-to 300-m-diameter glass bead (Sigma) column and purified by using the PCR Prep kit (QIAGEN, Alameda, Calif.). DNA from bands excised from the polyacrylamide gel was eluted as follows. Two hundred microliters of crush-and-soak solution (0.5 M ammonium acetate, 0.1% sodium dodecyl sulfate, 0.1 mM EDTA) was added, and the acrylamide was crushed and incubated overnight at 37°C. The following day, tubes were spun down for 10 min at 14,000 rpm. The supernatant was removed, another 200 l of crush-and-soak solution was added, the spin was repeated, and the recovered supernatant was pooled with the initial supernatant fraction. DNA was then precipitated and recovered. In order to clone the eluted bands into the pGEM-T vector, the DNA was incubated for 10 min at 72°C in the presence of Taq polymerase and dATP (2.5 mM). The gel-purified PCR product was cloned into the pGEM-T vector (Promega) and transformed into calcium chloride-competent DH5␣MCR Escherichia coli cells by using the manufacturer's instructions and standard techniques (41) . Clones were checked for the presence of the insert by PCR with the universal primers M13 (position Ϫ21) and T7 (position Ϫ26). An (RFLP) analysis of the products was performed to determine identical patterns. PCR products were digested with MspI and HinP1 enzymes and analyzed in a 1.6% Metaphor agarose gel. Clones selected for sequence analysis were patched onto Luria broth agar petri dishes supplemented with 100 g of ampicillin/ml (Roche Molecular Biochemicals, Indianapolis, Ind.) and incubated overnight at 37°C. Inoculations, cultures, DNA preparations, and sequence reactions were performed in the High Throughput Laboratory of the University of Illinois W. M. Keck Center for Comparative and Functional Genomics. Plates were used to inoculate 2-ml 96-well culture blocks containing Circle Grow media (Bio100) supplemented with ampicillin. Plasmid template DNA was purified from the cultures by using an automated system and the QIAwell 96 Turbo prep BioRobot kit (QIAGEN, Valencia, Calif.). The first round of sequencing was completed by using the T7 (position Ϫ26) primer. Plasmid templates were prepped on a QIAGEN Bio Robot 9600, and Big Dye Terminator Chemistry (version 2.0) from ABI was used for sequencing reactions. Sequencing was performed with an ABI 3700 capillary sequencer, followed by processing at the Bioinformatics Unit of the W. M. Keck Center.
Confirmation of differential gene expression by semiquantitative RT-PCR. In order to verify the differences in gene expression of the genes identified by RAP-PCR, we performed reverse transcription-PCR (RT-PCR) with the original samples of RNA used for RAP-PCR. First-strand cDNA was obtained as described above by using random primers (Promega) and 1 g of total RNA. One microliter of cDNA was used as a template for the PCR, with specific primers being used for each target gene. Different numbers of cycles were used to avoid saturation of the PCR products. Only products obtained in a number of cycles below the saturation point were used for relative quantification analysis. Analysis of the relative levels of expression of each of the bands obtained for the different genes was performed by using the program ImageJ 1.30v (Wayne Rasband, National Institutes of Health, Bethesda, Md.), obtained in the public domain (http://rsb.info.nih.gov/ij/Java 1.3.1). Analyses were performed in three different independent experiments and in triplicate RAP-PCRs.
Nucleotide sequence accession numbers. The GenBank accession numbers for the sequences generated in this study are AY494600 through AY494604.
RESULTS

Bacterial community analysis.
Prior to the evaluation of differential gene expression, the compositions of the microbial consortia comprising the in situ coral surface and water column-suspended samples of the BBD bacterial mats were determined. This was an important starting point, since BBD is a polymicrobial disease, and therefore RNA was extracted from a mixed population of bacteria. In both the in situ and the suspended samples of BBD mats, we obtained the same T-RFLP profile. This finding indicates that the most abundant bacteria in both types of BBD mat samples were the same (Fig.  1) . Therefore, the differences between RAP-PCR fingerprinting profiles may be attributable to a change in gene expression rather than to changes in the composition of the bacterial communities comprising each BBD mat sample in our controlled experiment.
RAP-PCR fingerprinting of RNA. Different authors have recently used RAP-PCR to analyze differences in gene expression in prokaryotes. However, all of those experiments used cultures grown under laboratory conditions (5, 9, 16, 43) . Because our samples were collected directly from the ocean environment, we had to use RNAlater to preserve them before analysis. The RNA obtained from the environmental samples was of good quality, as shown in Fig. 2 . The first cDNA strand was obtained by using either random hexamers or random decamers as primers. In all cases, the shorter random primers provided cDNA for a larger number of different genes. In combination with the cDNA products, a total of 12 different random primers were used (Table 1) . Preliminary results showed that the use of primers Lnr95 and Lnr99 provided a larger number of DNA bands as well as a more consistent pattern, and therefore these primers were used in subsequent experiments.
Nonradioactive methods have previously been used successfully to analyze differences in gene expression (1, 6, 10, 38) . Both a high-resolution agarose and a 6% polyacrylamide gel were used with good results to analyze RAP-PCR fingerprinting results for our samples (Fig. 3) . Nevertheless, polyacrylamide gels were more sensitive, showing a larger number of different bands. All sequences analyzed except one came from bands obtained from BBD mats growing on the coral during infection. The number of genes up-regulated during infection was always higher than the number of genes down-regulated, and a total of seven bands were finally chosen for subsequent analysis. These bands were cloned into the pGEM-T vector and sequenced. BLASTX analysis for the fragments of DNA sequenced gave significant hits for five out of six sequences. One of the bands was excluded from further analysis because it was too short and did not give any significant hits in the database. The results obtained are shown in Table 2 . Two of the bands (clones DD 95-4 and DD 99-8) had homology with proteins involved in amino acid transporters. DD 95-4 had 51% identity (68% positives) with a hypothetical amino acid ABC transporter from Shewanella oneidensis, while DD 99-8 had 46% homology (70% positives) with a glutamine-binding protein of a member of Archaea, Methanosarcina mazei. Nonetheless, the rest of the hits for DD 99-8 had homology with amino acid ABC transporters in bacteria with homologies higher than 35%. Another clone, DD 95-1, had 47% homology (64% positives) with a hypothetical protein from Vibrio parahaemolyticus. Clone DD 99-9 had 93% homology (97% positives) with a protein that is part of photosystem I in cyanobacteria. Since the filamentous cyanobacteria are the most abundant microorganisms present in the infectious mat, the sequence from clone DD 99-9 is probably derived from these cyanobacteria. Finally, the best hit for clone DD 95-2 was an AraC-type DNA-binding domain protein with a homology of 25% (68% positives). Finally, the best hit for clone DD 95-2 was an AraC-type DNA-binding domain protein with a homology of 25% (68% positives).
Semiquantitative RT-PCR analysis. The final step was to verify that the characterized genes were actually differentially expressed during infection of the coral. To confirm this possibility, semiquantitative RT-PCR was performed with the original samples of RNA, in situ and suspended, from three different experiments. Semiquantitative RT-PCR analysis has previously been used to confirm differences in gene expression (15, 24, 26) . Specific primers were designed to analyze the levels of expression of the genes presented in Table 2 . During the amplification of the genes, different numbers of cycles were used to avoid PCR saturation. Samples from three independent experiments were analyzed. Figure 4 shows an example of results obtained from these experiments, and Table 3 shows results for the relative differential expression of the genes analyzed. These results come from at least three different RTPCRs and from three different samples.
Two out of the five genes analyzed did not show differences in gene expression with RT-PCR even when a low number of PCR cycles was used. This result is not surprising, as one of the problems that RAP-PCR has, in addition to differential display, is the high proportion of false-positive results among clones obtained from differentially expressed bands (25) . A major concern is the fact that one band may actually be com- posed of cDNAs derived from multiple genes (8, 25) . Some of these genes may be differentially expressed, but others may be constitutively expressed. This was the case for clones DD 95-1 and DD 99-8. However, three of the clones analyzed did have differences in their levels of expression depending on whether they came from BBD mats infecting coral in situ or from BBD mats suspended in seawater. In all cases, these genes were up-regulated when the bacterial mat was infecting the coral. Clone DD 95-4 had 51% homology with amino acid ABC transporter systems in bacteria and was up-regulated between 
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FRIAS-LOPEZ ET AL. APPL. ENVIRON. MICROBIOL. found almost 100% up-regulation. Clone DD 99-9 was upregulated between 9 and 34% (Table 3) during infection. As with DD 95-4, in one case there was almost complete transcriptional inhibition of gene DD 99-9 when the bacterial mat was living in seawater. This sequence presented high homology (93% identity) with photosystem I P700 chlorophyll A apoprotein A1 (PsaA) in cyanobacteria. Finally, the last gene that showed up-regulation during infection, clone DD 95-2, had 25% homology with AraC-type DNA binding domain-containing proteins. All samples analyzed were completely inhibited for RNA synthesis of the DD 95-2 gene when the bacterial mat was removed from the infection site (Table 3) . PCR analysis of the DNA obtained from these samples showed that the gene was present in the bacterial community. Therefore, the complete repression of DD 95-2 expression was not due to the absence of bacteria harboring this gene in the samples suspended in seawater.
DISCUSSION
Due to the difficulties in studying differences in gene expression in prokaryotes, most studies using RAP-PCR have been done only in recent years and have been restricted to laboratory conditions (5, 9, 16, 43) . With the present study, we demonstrated that RAP-PCR may be used successfully to analyze differential gene expression in environmental samples. The differences in the gene expression of infectious BBD bacterial mats, which cause the death of a large number of coral worldwide (31), have been analyzed. The final goal of analyzing differences in gene expression is to determine the mechanism or mechanisms of pathogenesis and to look for clues about the environmental factors that lead to disease.
Significant differences between transcription levels of a set of different genes in the in situ and in the suspended BBD mat samples were observed. When removed from the coral tissue for 3 days, the BBD mat genes that were up-regulated during infection should be turned off or at least show a decreased level of activity. The short distances maintained between the infected bacterial mat and the samples suspended in seawater guaranteed identical environmental conditions (salinity, turbidity, light intensity, etc.) during the experiments. One of the major problems of analyzing differences in gene expression in bacteria comes from the fact that mRNA in prokaryotes does not have a poly(A) tail and that random primers therefore 1 and 2) and suspended in seawater (lanes 3 and 4) . have to be used in order to synthesize cDNA. Those primers are likely to anneal to rRNA, which constitutes the largest fraction of RNA in the samples, thus preventing efficient conversion of the small portion of mRNA into cDNA. It has been reported that when prokaryotic RNA was used, up to 40% of differentially expressed bands identified using differential display analysis were of ribosomal origin (30, 31) . However, the results obtained by using RAP-PCR analysis show that this method successfully overcomes that problem. None of the cloned differentially expressed genes was a 16S rRNA gene, probably because bands that appear in all samples and at a high concentration are most likely to be the ones that come from rRNA. A possible mechanism of pathogenesis for BBD in which an anoxic environment and the production of sulfide are toxic for the coral tissue and result in coral death has been proposed (37) . However, there is no definitive proof that this is the real mechanism for tissue destruction (36) , and nothing is known about what conditions lead to disease. The photosynthetic filamentous cyanobacterium P. corallyticum is the most conspicuous bacterium in BBD, and it is not known what its the role during infection is. It is not yet understood why a photosynthetic organism is infecting a coral; perhaps this species requires something from the coral to survive or to obtain a growth advantage through the infectious process.
One of the sequences was up-regulated during infection; clone DD 95-4 had homology with amino acid ABC transporter systems in bacteria. Amino acids are important in both carbon and nitrogen metabolism of bacteria; for this reason, the ABC transport systems of bacteria have been widely studied (22) . Nevertheless, there is no clear connection between the up-regulation of this ABC transporter and pathogenesis. In the case of BBD, the observed up-regulation of this gene could be due to the presence of amino acids available for consumption as a consequence of coral tissue destruction.
Of equal importance are the results obtained for the other two cDNAs analyzed. Clone DD 99-9 was up-regulated during infection and presented 100% homology with photosystem I P700 PsaA in cyanobacteria. Photosystem I is a membrane complex of 12 different proteins that produces the reduced NADPH needed to reduce CO 2 in the reactions of the Calvin cycle (48) . PsaA along with PsaB coordinates the two chlorophylls forming the dimer in P700 (42, 48) . Studies of differential expression in Synechocystis spp. under different environmental conditions have previously been reported (4, 28, 46) . The level of expression of psaA is controlled by several environmental factors, such as day-night light cycles (13, 29) . Singh and Sherman, using a customized amplification library, have shown that the expression of psaA increases when iron is available and decreases with iron depletion (44) . Iron is an essential trace element for most bacteria and a limiting factor for primary production in seawater (12, 27, 47) . During BBD infection, with the destruction of coral tissue and the death of the symbiotic dinoflagellates (Symbiodinium spp.) living inside the coral, the availability of iron increases at levels that allow the staggering growth of P. corallyticum. The low levels of available iron in seawater could explain, at least in part, why P. corallyticum is so difficult to detect in samples other than that of the BBD infectious mat (18, 36) . Finally, the last gene that showed up-regulation during infection, clone DD 95-2, had 25% identity with AraC-type DNA binding domain-containing proteins. All samples analyzed showed complete inhibition of RNA synthesis for the DD 95-2 gene when the bacterial mat was removed from the infection site on the coral tissue surface. In animal pathogens, AraC-like transcriptional activators coordinate the expression of type III secretion genes (17) , which are essential for the virulence of a large number of gram-negative pathogens. Moreover, some plant pathogens also utilize this kind of signal regulator (17) . Most type III secretion systems have been found in Proteobacteria. However, DD 95-2 had homology to a gene present in Cytophaga hutchinsonii. Previous works have shown that members of the Cytophaga-Flexibacter-Bacteroides group are present in large numbers in the BBD bacterial mat (14, 19) . Therefore, it is reasonable to hypothesize that these bacteria play an important role in the disease. Moreover, this group of bacteria includes microorganisms that are well-known pathogens in a variety of organisms that inhabit a wide variety of environments (3, 11, 32, 45) .
Conclusions. RAP-PCR has been successfully used to detect genes that are differentially expressed under different environmental conditions in complex bacterial communities. This work has identified genes that are involved in the pathogenesis of BBD, one of the most important infectious coral diseases. Three genes that are up-regulated when a BBD bacterial mat is infecting coral have been identified. One of the cDNAs, DD 95-4, had homology with amino acid ABC transporter systems in bacteria but no clear link with the mechanism of pathogenesis of the disease. Conversely, the other two cDNAs analyzed may have a more direct link to the pathogenesis of BBD. DD 99-9 was upregulated during infection and presented homology with photosystem I P700 PsaA in cyanobacteria. It has been shown that the expression of psaA increases when iron is available and decreases with iron depletion (44) . The up-regulation of this gene could be linked to the increased levels of iron available due to coral tissue destruction. Finally, DD 95-2 was completely repressed when the bacterial mat was not in contact with the coral tissue. Furthermore, DD 95-2 has homology with AraC-type DNA binding domain-containing proteins, which are important regulators for expression of genes involved in virulence in gram-negative bacteria.
